Introduction {#s001}
============

R[ecombinant adeno-associated viruses]{.smallcaps} (rAAV) are derived from small, non-enveloped, 4.7 kb DNA dependo-viruses belonging to the *Parvoviridae* family. Over the past decade, they have emerged as a promising vector platform for *in vivo* gene delivery. Used in \>100 gene therapy clinical trials worldwide, sustained therapeutic effect has been achieved in the frame of a variety of inherited diseases, including Leber\'s congenital amaurosis type 2,^[@B1],[@B2]^ hemophilia B,^[@B3]^ M-type α-1 antitrypsin deficiency,^[@B4],[@B5]^ and lipoprotein lipase deficiency.^[@B6],[@B7]^ Additional ongoing trials for indications such as hemophilia A (NCT 02576795), hemophilia B (NCT 00979238, NCT01687608, NCT02484092, NCT02396342, NCT02618915, NCT02971969), or spinal muscular atrophy (NCT 02122952) are yielding extremely promising results. Nevertheless, these successes have been tempered by rising concerns over the immunogenicity of the AAV capsid in patients, especially when the vector is systemically administered.

Though widely disseminated among the human population,^[@B8]^ wild-type (WT) AAV human infection has not been clearly associated with any clinical pathology or disease.^[@B9]^ After primary infection, WT AAV genomes can persist years in host cells, either episomally or integrated within the host DNA, and be reactivated by a helper virus or a genotoxic reagent. Seroprevalence studies have indicated that initial exposure to WT AAV often occurs early during childhood,^[@B10],[@B11]^ when humoral and cellular immune responses directed against the AAV capsid might be mounted.^[@B12],[@B13]^ As such, memory AAV-specific T and B cells might persist lifelong and be recalled upon rAAV-mediated gene transfer.

This review summarizes what is currently known on the prevalence of AAV capsid-specific B and T cell responses in the general population, as well as their impact on rAAV-mediated gene transfer in clinical trials, and discusses open controversies on AAV-mediated immunogenicity.

Generalities on Immune Responses {#s002}
================================

Immunity can be broadly defined as all the processes that enable an organism to defend itself against antigens perceived as causing a rupture of homeostatic welfare. Since rAAV vectors do not contain any viral gene, the only sources of foreign antigens brought in during gene transfer are derived from the viral capsid and the transgene product. The nucleic acid contained in the virion may also concur to activate immunity via engagement of Toll-like receptors.

Immune responses can be divided into two closely interwoven and collaborative subsystems: innate and adaptive immune responses. Innate immunity mounts rapidly, is non-specific, and does not result in immunological memory. Innate immune responses are initiated through the recognition of pathogen-associated molecular patterns (PAMPs), exhibited on pathogens, by pattern recognition receptors (PRRs) expressed at the surface or within immune cells. These PRRs recognize viral nucleic acids, as well as membrane glycoproteins, or even chemical messengers. Through a variety of signaling pathways, the engagement of PRRs mainly leads to the activation of nuclear factor κB (NF-κB) and interferon regulatory factor transcription factors, both of which play a central role in inducing the expression of pro-inflammatory cytokines or type I interferons (IFN), respectively.^[@B14]^

Adaptive immunity occurs after innate immunity and allows the recognition and elimination of pathogens that would have escaped the innate immune system, or persisted despite its action. The key feature of adaptive immune responses lies in the establishment of immunological memory after the first contact with a definite pathogen: in case of ulterior encounters with the same pathogen, this memory response is both faster and more efficient. Adaptive immunity can be decomposed into four main stages^[@B15]^: (1) antigen presentation by antigen-presenting cells and antigen recognition by T and B lymphocytes; (2) lymphocytes activation, with clonal expansion and differentiation into effector cells; (3) antigen elimination through humoral responses (secretion of antigen-specific antibodies by B lymphocytes) and/or cellular responses (destruction of antigen-containing cells by CD8^+^ cytotoxic T lymphocytes); (4) homeostatic contraction of immune responses, with apoptosis of activated lymphocytes, and installation of immunological memory with long-term persisting antigen-specific memory T and B lymphocytes.

Considering that rAAV vectors have a similar or even identical capsid to their wild-type counterpart, vector-directed adaptive immune responses triggered after gene transfer can potentially be greatly influenced by prior exposure to the WT virus during natural infections ([Fig. 1](#f1){ref-type="fig"}).

![Initiation and reactivation of adaptive immune responses to adeno-associated virus (AAV). During natural infection with wild-type (WT) AAV, capsid-specific adaptive immune responses can be triggered, with the development of anti-AAV antibodies and the establishment of a pool of long-lasting capsid-reactive memory B and T lymphocytes. Upon *in vivo* administration of recombinant AAV (rAAV) vectors, pre-existing anti-AAV antibodies can neutralize vector particles, while memory lymphocytes can be reactivated and expanded, leading to the *de novo* production of anti-AAV antibodies or, potentially, to the destruction of transduced cells presenting capsid-derived antigens.](fig-1){#f1}

Pre-Existing Immunity to WT AAV Capsid in Humans {#s003}
================================================

Prevalence of anti-AAV humoral immunity {#s004}
---------------------------------------

Since the 1960s-1970s, numerous studies have investigated the seroprevalence of neutralizing antibodies directed against various AAV serotypes among the general population.^[@B10],[@B16]^ Some detection methods are based on the direct fixation of antibodies onto AAV capsids, as is the case for enzyme-linked immunosorbent assay, while others detect the neutralization of rAAV-mediated transduction by neutralizing antibodies present in serum samples. Importantly, all these assays are difficult to standardize across laboratories, particularly in terms of thresholds of positivity, leading to variations in prevalence and cutoff values among the different reports.^[@B10],[@B16]^ While seroprevalence varies geographically, anti-AAV2 neutralizing antibodies display the highest prevalence, ranging from 30% to 60% of the population. In comparison, anti-AAV7, -AAV8, and -AAV9 neutralizing antibodies have a prevalence ranging from 15% to 30% of the population. Although the prevalence of anti-AAV1 neutralizing antibodies is lower than that of AAV2 NAbs, it is still higher than anti-AAV7, -AAV8, and -AAV9 antibodies in most regions.

Generally speaking, neutralizing antibodies recognizing virtually all serotypes can be found in almost all subjects.^[@B32]^ This can be explained either by multiple infections with various WT AAV serotypes, or by broad cross-reactivity between neutralizing antibodies.^[@B16],[@B17],[@B33]^ This cross-reaction is likely the result of high amino acid sequence homologies between the capsids of different AAV serotypes.^[@B19]^

It is worth noting that not all anti-AAV antibodies have a neutralizing activity. The role of non-neutralizing antibodies is ill-defined, and can enhance the clearance of rAAV vector particles through their opsonization,^[@B34]^ or else have been documented to have an opposite effect to that of neutralizing antibodies.^[@B35]^ The prevalence of total anti-AAV antibodies is close to 70% of the population for AAV1 and AAV2, 45% for AAV6 and AAV9, and 38% for AAV8.^[@B16]^ Importantly, titers of anti-AAV immunoglobulin G (IgG) antibodies correlate significantly, though not completely, with titers of anti-AAV neutralizing antibodies.^[@B16],[@B22],[@B25],[@B28],[@B34],[@B36]^

In terms of immunoglobulin subclasses, IgG1 levels are often the highest in AAV seropositive individuals,^[@B16],[@B28]^ though for some subjects IgG2 and IgG3 prevail. Titers of IgG1, IgG2, and IgM are well-correlated with neutralizing factor titers, which is not the case for IgG3 and IgG4.^[@B28]^ Similarly, in subjects undergoing AAV gene transfer, development of high-titer IgG1 antibodies has been documented,^[@B28]^ with IgG3 subclasses identified as the predominant isotype in subjects developing T cell reactivity to AAV.^[@B39]^

Given that in some hereditary diseases characterized by early lethality it is desirable to administer gene therapy as early as possible, one important question is at what age individuals seroconvert to AAV. Antibodies specific for different AAV serotypes can already be detected at birth, which suggest vertical transmission of maternal antibodies.^[@B18]^ Antibody titers then decrease during the first year of life, when most humans are seronegative for most AAV serotypes,^[@B31],[@B35]^ and thereafter IgG levels raise to reach a plateau at teenage years.^[@B18],[@B36]^ Consequently, the time window during which humans are devoid of any anti-AAV antibodies is quite narrow.

Prevalence of T cell reactivity to the AAV capsid in healthy donors {#s005}
-------------------------------------------------------------------

Anti-capsid humoral responses were initially thought to be the only component of anti-AAV immunity that could explain the inefficiency of rAAV-mediated gene transfer in a number of preclinical and clinical studies. However, in 2006, the first liver-directed clinical trial for hemophilia B^[@B40]^ revealed that CD8^+^ T cell--mediated cytotoxic responses directed against the vector could completely annihilate the benefits of rAAV-mediated gene therapy^[@B41]^ ([Fig. 2](#f2){ref-type="fig"}). This discovery prompted the scientific community to take more interest in pre-existing anti-AAV cellular immunity and its impact on rAAV-based gene transfer.^[@B12],[@B32]^

![Working model of capsid processing in hepatocyte and presentation to AAV-specific memory CD8^+^ T cells. **(a)** After administration, rAAV vectors enter hepatocytes via receptor-mediated endocytosis. **(b)** Following escape from the endosome and uncoating, vector DNA traffics to the nucleus where it drives the expression of the transgene. **(c)** Capsids are cleaved by the proteasome (or immune-proteasome) into short peptides. **(d)** Capsid-derived peptides are transported to the endoplasmic reticulum and loaded onto MHC class I molecules. **(e)** AAV-peptide/MHC complexes are transported to the plasmalemma, where they flag transduced hepatocytes as targets for AAV capsid-specific memory CD8^+^ T cells. **(f)** AAV-derived epitopes are presented to AAV capsid-specific memory CD8^+^ T cells through interaction between the TCR and the AAV-peptide/MHC complex. **(g)** Upon antigen recognition, AAV capsid-specific memory CD8^+^ T cells undergo expansion and differentiation into cytotoxic effector cells which can clear transduced hepatocytes through secretion of cytolytic factors or expression of death-inducing ligands.](fig-2){#f2}

The prevalence of T cells directed against AAV1 and AAV2 in the general population has been investigated through a variety of functional assays and is summarized in [Table 1](#T1){ref-type="table"}.^[@B22],[@B25],[@B41]^ Although prevalence can vary across studies, depending on the sensitivity of the assay used or on how the positive threshold was defined, data collected so far suggest that, overall, anti-capsid cellular responses are less preponderant than humoral responses. Interestingly, capsid-reactive T cells can be detected in a larger number of individuals in splenocytes compared to peripheral blood mononuclear cells (PBMCs), suggesting that AAV-specific T cells might fail to recirculate in peripheral blood, and preferentially home to lymphoid organs.^[@B41],[@B43]^ In addition, a higher prevalence of T cell responses in PBMCs or splenocytes is observed after several rounds of *in vitro* expansion, suggesting that the frequency of AAV-specific T cells might be too low to be systematically detected *ex vivo.*^[@B41],[@B43]^ Correlation studies between anti-AAV humoral and cellular responses suggest that there is no link between both parameters, at least for the AAV1 and AAV2 serotypes,^[@B22],[@B41]^ and show that both seronegative and seropositive individuals could harbor T cells reactive to AAV.

###### 

Prevalence of AAV capsid-specific T cell responses in healthy donors

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  *Serotypes*                                                         *Samples*                                                           *Assays*                                                                                                            *Phenotype*                    *Functionality*                            *Positive/total*
  ------------------------------------------------------------------- ------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------- ------------------------------ ------------------------------------------ ------------------
  AAV2^[@B25]^                                                        PBMCs                                                               Lymphocyte proliferation; IFN-γ secretion in response to AAV capsid (ELISA)                                         N.A                            N.A                                        3/57 (6%)

  AAV2^[@B41]^                                                        PBMCs                                                               IFN-γ ELISpot on unexpanded cells                                                                                   CD45RA^+^ CD27^+^ CCR7^-^\     IFN-γ                                      2/46 (4%)
                                                                                                                                                                                                                                                              Resting central memory cells                                              

  Splenocytes                                                         IFN-γ ELISpot on unexpanded cells                                   2/28 (7%)                                                                                                                                                                                     

  PBMCs                                                               IFN-γ ELISpot on cells expanded with AAV peptides or whole capsid   2/7 (28%)                                                                                                                                                                                     

  Splenocytes                                                         IFN-γ ELISpot on cells expanded with AAV peptides or whole capsid   9/15 (60%)                                                                                                                                                                                    

  AAV2^[@B42]^                                                        PBMCs                                                               Intracellular cytokine staining on cells stimulated with AAV peptides in the presence of anti-CD28 and anti-CD49d   CD45RO^hi^ CD27^hi^\           IFN-γ, IL-2, TNF-α                         8/17 (47%)
                                                                                                                                                                                                                                                              Central memory Cells                                                      

  AAV1^[@B22]^                                                        PBMCs                                                               IFN-γ ELISpot on LV/VP1-stimulated cells                                                                            CD45RA^-^ CD62L^-^\            IFN-γ                                      16/55 (29%)
                                                                                                                                                                                                                                                              Effector memory cells                                                     

  AAV2/AAV1^[@B43]^                                                   Splenocytes                                                         IFN-γ ELIspot on unexpanded cells                                                                                   CD45RO^+^ memory cells         IFN-γ, IL-2, TNF-α, CD107a, cytotoxicity   2/44 (4.55%)

  IFN-γ ELISpot on cells expanded with AAV peptides or whole capsid   20/32 (62.5%)                                                                                                                                                                                                                                                     
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

AAV, adeno-associated virus; PBMCs, peripheral blood mononuclear cells; IFN-γ, interferon gamma; ELISA, enzyme-linked immunosorbent assay; ELISpot, enzyme-linked immunospot; IL-2, interleukin-2; TNF-α, tumor necrosis factor alpha.

Interestingly, capsid-reactive T cells were also found in splenocytes isolated from children^[@B41],[@B43]^ (5% of samples assessed *ex vivo*; 62.5% of samples assessed after *in vitro* expansion). As flow cytometry--based assessment of differentiation markers evidenced that the majority of AAV-specific T cells exhibits a memory phenotype,^[@B22],[@B41],[@B42]^ it is likely that they arise during infancy after naturally occurring WT AAV infections and persist throughout lifetime as a pool of memory T cells in secondary lymphoid organs, such as the spleen. Concerning their functionality, AAV-specific T cells have been shown to be able to produce IFN-γ,^[@B22],[@B41]^ interleukin-2, and tumor necrosis factor alpha,^[@B42],[@B43]^ as well as to express the CD107a degranulation marker and to be able to mediate cytotoxicity.^[@B43]^

Importantly, in a manner similar to AAV-specific antibodies, capsid-reactive CD8^+^ T cells are broadly cross-reactive through recognition of conserved epitopes across various AAV serotypes.^[@B41],[@B43]^

Immune Responses to rAAV Vectors in Clinical Trials {#s006}
===================================================

While rAAV vectors do not encode viral proteins, the viral particles have an identical composition to WT AAV. Therefore, high doses of rAAV vectors can potentially activate recall responses generated against WT AAV capsid following cross-presentation of capsid antigens on target cells ([Figs. 1](#f1){ref-type="fig"} and [2](#f2){ref-type="fig"}).

Impact of neutralizing anti-AAV antibodies {#s007}
------------------------------------------

Pre-existing anti-AAV humoral immunity represents one of the most efficient barrier to prevent successful gene transfer through systemic administration of rAAV vectors.^[@B32]^ The first hemophilia B clinical trial where rAAV vectors were injected into the bloodstream revealed that relatively low titers of neutralizing antibodies were sufficient to neutralize high doses of vectors completely.^[@B40]^ Indeed, among the two subjects enrolled in the high-dose cohort (2 × 10^12^ vg/kg), the one exhibiting a titer of neutralizing antibodies of 1:17 never experienced detectable levels of factor IX (FIX) transgene expression, while the other subject, with a titer of 1:2, developed circulating FIX levels at around 10% of normal range. Subsequent studies in mice^[@B44],[@B45]^ and nonhuman primates (NHP)^[@B46]^ revealed that antibody titers as low as 1:5 were sufficient to block liver transduction by rAAV vectors completely, and that vectors remained susceptible to neutralization even hours after intravascular administration.

Likewise, rAAV vector transduction may be inhibited by anti-AAV antibodies when the vector is administered: in the synovial fluid of the articular space to target synoviocytes,^[@B21],[@B47]^ in the vasculature of muscle limb to target muscles,^[@B48],[@B49]^ and in the coronary artery to target cardiac muscle.^[@B50]^

Conversely, the presence of anti-AAV antibodies do not seem to impede transduction when the vector is administered through the intra-parenchymal route or in the subretinal space in the eye^[@B2],[@B51],[@B52]^ or in the cerebral ventricle to target the central nervous system.^[@B53]^

Administration of rAAV vectors triggers anti-AAV humoral responses in seronegative murine models,^[@B54]^ large animal models,^[@B33],[@B46],[@B55],[@B56]^ and humans.^[@B57],[@B58]^ Seroconversion is independent of species, vector, or administration route, and prevents successful re-administration of the same rAAV vectors^[@B38],[@B59]^ (other than in immuno-privileged sites such as the subretinal space). Data emerging from human trials in adult subjects seem to indicate that long-term multi-year transgene expression can be obtained following a single AAV vector infusion.^[@B3],[@B5],[@B60]^ However, loss of expression may be observed in pediatric subjects^[@B61]^ due to cell proliferation and dilution of vector genomes, thus highlighting the need for strategies that allow for rAAV vector re-administration.

Impact of anti-AAV T cell responses {#s008}
-----------------------------------

The initial report of a deleterious effect of anti-AAV cellular immune responses was the first clinical trial of liver-directed gene transfer for hemophilia B^[@B40]^ ([Fig. 2](#f2){ref-type="fig"}). The FIX transgene, placed under the control of a liver-specific promoter, was packaged into a rAAV2 vector that was infused through the hepatic artery into seven subjects suffering from severe hemophilia B. In agreement with the preclinical studies in hemophilic dogs,^[@B64]^ the first subject from the high-dose cohort (Subject E; 2 × 10^12^ vg/kg) initially expressed FIX levels at ∼10% of normal range. Nonetheless, 4--6 weeks after rAAV2-based gene transfer, FIX expression decreased down to pretreatment baseline levels, concomitantly with a self-limited transient and asymptomatic rise in liver transaminase levels. A similar series of events was observed in the next patient enrolled in the mid-dose cohort (Subject G; 4 × 10^11^ vg/kg), from whom PBMCs were collected in order to perform *a posteriori* immune analyses.^[@B41]^ IFN-γ enzyme-linked immunospot (ELISpot) assays showed a response to AAV2 capsid but not FIX, and allowed the identification of a HLA-B\*0702-restricted epitope derived from the AAV2 capsid (AAV2-p74). Kinetics of PBMCs staining with AAV2-p74/B7 MHC class I pentamer complexes finally revealed that the time course of AAV2 capsid-specific CD8^+^ T cells\' frequency closely mirrored the rise in serum transaminases.

In much the same way, activation of AAV capsid-specific cellular response was also reported by Nathwani *et al.* during a subsequent liver-directed gene transfer clinical trial for hemophilia B.^[@B58]^ In this case, an rAAV8 vector encoding the self-complementary, codon-optimized FIX transgene (still under the control of a liver-specific promoter) was infused in a peripheral vein in patients suffering from severe hemophilia B with no detectable levels of anti-AAV neutralizing antibodies. While the first two dose cohorts proceeded uneventfully, subjects from the high-dose cohort (2 × 10^12^ vg/kg) once more displayed FIX expression at levels of 8--10% of normal over a period of 8 weeks, at which point FIX levels began to drop while serum transaminase levels rapidly increased, along with a marked rise in circulating capsid-specific T cells that were assessed by IFN-γ ELISpot assay. As soon as the rise in transaminase levels began, subjects were placed on a tapered regimen of high-dose steroids, which lead to a resolution in transaminitis and partial rescue FIX.^[@B58]^ Though effective at the currently used vector doses, ongoing studies will address if this corticosteroid regimen will be effective at higher vector doses and with different AAV serotypes. Of note, subjects from the intermediate dose cohort (6 × 10^11^ vg/kg) also exhibited detectable numbers of circulating AAV8 capsid-specific T cells when assessed through IFN-γ ELISpot assay, though this did not translate into either decline of FIX levels or rise in transaminase levels.

A number of additional clinical trials of hemophilia gene transfer confirmed the initial findings about occurrence of enzyme elevation together with loss of transgene expression ([Table 2](#T2){ref-type="table"}). Association of an increase in liver enzymes with T cell reactivity to the AAV capsid and loss of transgene expression in some cases has not been straightforward, underlying the complexity of the variables shaping the immunogenicity of rAAV vectors (*vide infra*).

###### 

Overview of transgene expression and enzyme elevation in hemophilia clinical trials

  *Sponsor(s)*                                                                                                                        *Capsid*            *Indication (transgene)*            *Results*
  ----------------------------------------------------------------------------------------------------------------------------------- ------------------- ----------------------------------- -----------------------------------------------------------------
  Avigen^[@B40]^                                                                                                                      AAV2                Hemophilia B (wild-type FIX)        7 subjects treated
  Transient expression of 10--12% of normal, at a dose of 2 × 10^12^ vg/kg                                                                                                                    
  Liver enzyme elevation in two subjects                                                                                                                                                      
  University College London and St. Jude Children\'s Research Hospital (NCT00979238)^[@B3]^                                           AAV8                Hemophilia B (wild-type FIX)        6 subject treated
  Long-term expression of 2.9--7.2% of normal (average 5.1%), at dose of 2 × 10^12^ vg/kg                                                                                                     
  4/6 subjects dosed at 2 × 10^12^ vg/kg required a short course of steroids following a raise in liver enzymes                                                                               
  Baxalta/Shire (NCT01687608)^[@B125]^                                                                                                AAV8                Hemophilia B (FIX Padua^[@B126]^)   Long-term expression at levels of ∼20% of normal in one subject
  Loss of expression in most of the remaining subjects, despite a course of steroids (at doses from 2 × 10^11^ to 3 × 10^12^ vg/kg)                                                           
  Spark Therapeutics and Pfizer (NCT02484092)^[@B127]^                                                                                Engineered capsid   Hemophilia B (FIX Padua^[@B126]^)   10 subjects treated
  Long-term expression in all subjects at average plateau levels of \>28% of normal at a dose of 5 × 10^11^ vg/kg                                                                             
  Two subjects required a short course of steroids                                                                                                                                            
  UniQure (NCT02396342)^[@B128]^                                                                                                      AAV5                Hemophilia B (wild-type FIX)        10 subjects treated
  Long-term expression at ∼5% of normal in 4/5 subjects in the low-dose cohort (5 × 10^12^ vg/kg)                                                                                             
  Average levels at 7% of normal in 5 subjects from the second dose cohort (2 × 10^13^ vg/kg)                                                                                                 
  3 subjects treated with course of steroids                                                                                                                                                  
  Dimension Therapeutics (NCT02618915, NCT02971969)                                                                                   AAVrh10             Hemophilia B (wild-type FIX)        6 subjects treated, all had evidence for transgene expression
  5/6 patients experienced transaminitis (ALT at 914 IU/L in one subject treated at 3.5 × 10^12^ gc/kg)                                                                                       
  BioMarin (NCT02576795)^[@B129]^                                                                                                     AAV5                Hemophilia A (BDD FVIII)            15 subjects treated
  7/7 subjects of the high-dose cohort (6 × 10^13^ vg/kg) expressed FVIII at levels ranging from 10% to \>20%                                                                                 
  Steroids administered to all high-dose subjects                                                                                                                                             

A plethora of data is available from numerous reports of intramuscular gene transfer clinical trials.^[@B65]^ Overall, the results from these trials indicate that the magnitude of AAV-specific T cells responses roughly correlates with the administered vector dose, as seen with liver-directed gene transfer. Though T cell reactivity in PBMCs and T cell infiltrates in the injected muscle have been detected in some cases, their presence is not always associated with a loss of transgene expression.^[@B4],[@B5],[@B39],[@B57],[@B66]^ A potential explanation for this is the presence of CD4^+^ CD25^+^ FoxP3^+^ regulatory T cells in muscle cell infiltrates, concomitant with PD-1/PD-1L expressing T cells.^[@B4],[@B5],[@B67]^ The ability of regulatory T cells and exhausted T cells to initiate tolerance to the AAV capsid after muscle-directed gene transfer has recently been extensively reviewed by Gernoux *et al.*^[@B69]^

Finally, during rAAV-mediated gene transfer to immune-privileged body compartments (such as the eye or the central nervous system), little to no capsid-specific cellular response has been detected so far in PBMCs from subjects infused directly into the brain or in the eye.^[@B32]^ One important feature to consider in this particular clinical setting is that the doses of rAAV vector administered are relatively small compared to muscle- or liver-directed gene transfer. Whether this immunologic unresponsiveness will endure upon administration of higher vector doses to allow the global transduction of the central nervous system remains to be seen. Data emerging from a gene transfer trial for spinal muscular atrophy (NCT 02122952), and other systemic diseases treated at high vector doses, suggest that careful management of vector immunogenicity is a requirement to limit or avoid toxicities. Similarly, for indications such as Duchenne muscular dystrophy,^[@B70]^ myotubularin myopathy,^[@B71]^ and other neuromuscular diseases treatable with high rAAV vector doses, as recently shown in large-animal models, careful monitoring and immunomodulatory plans in humans need to be devised.

Clinical management of anti-AAV immune responses {#s009}
------------------------------------------------

The easiest way to bypass the impact of pre-existing immune responses to AAV would be simply to exclude from clinical trials the subjects exhibiting high amounts of anti-AAV antibodies/neutralizing factors or capsid-reactive T cells. Considering that AAV-seropositive individuals represent up to 70% of the population, exclusion is difficult. Similarly, pre-screening patients to exclude those with pre-existing anti-AAV cellular immunity is not a sound approach, as the frequency of pre-existing circulating AAV-specific T cells in PBMCs is too low to permit their systematic detection through ELISpot or flow cytometry assays. Furthermore, positive anti-capsid cellular responses in clinical trials are not systematically translated into deleterious clinical consequences, and there is currently no means of predicting which parameters will trigger the onset of harmful responses. Importantly, though anti-AAV immune responses can result in loss of transgene expression, they do not inflict other harmful sequelae to the patient and seem to be so far more an "efficiency" than a "safety" issue. Nevertheless, for new indications needing high vector doses or targeting inflammatory tissues such as Duchenne muscular dystrophy,^[@B70]^ careful clinical and immune monitoring will be required.

The approaches most commonly investigated to circumvent AAV-capsid-specific humoral and cellular responses are summarized in [Table 3](#T3){ref-type="table"}. They can be divided into two categories---those impacting the vector itself and those impacting the patient or clinical setting--and might be combined in order to yield the best outcome.

###### 

Main approaches currently under investigation to modulate AAV-specific B and T cell responses

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                                                                                                                                          *Effective on*           
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------- ------- -----------------------------------------------------------------------------------------------------
  *Vector-oriented actions*                                                                                                                                                                        

  Administer higher doses of vectors to titrate out NAb                                                                                                                   Yes              No      - High doses can be neutralized by low titers of NAb (1:5/1:17)\
                                                                                                                                                                                                   - Increase the antigenic charge susceptible to trigger capsid-reactive CD8^+^ T cells

  Use empty capsid as "decoys" to titrate NAb^[@B124]^                                                                                                                    Yes              No      - Increase the antigenic charge susceptible to trigger capsid-reactive CD8^+^ T cells

  Modify rAAV serotypes to prevent immune recognition:\                                                                                                                   Yes              Maybe   - Technically difficult and time-consuming\
  - Isolate new natural variants^[@B130]^\                                                                                                                                                         - Potential alteration of vector tropism, production, and purification processes\
  - Modify existing AAV capsids to shield them from neutralization^[@B131]^\                                                                                                                       - Possibly inefficient due to cross-reactive responses
  - Construct new capsids by molecular engineering^[@B94],[@B132]^ (disruption of known epitopes; tyrosine mutation to limit ubiquitination and proteasomal processing)                            

  Improve manufacturing and characterization of rAAV batches to reduce immune recognition:\                                                                               Yes\             Yes\    - Technically difficult and time-consuming\
  - Reduce the presence of contaminants and/or adjuvants\                                                                                                                 No               Yes     - Serotype-specific
  - Increase the ratio full/empty capsids                                                                                                                                                          

  Decrease the therapeutic dose needed to reduce antigen load^[@B127]^:\                                                                                                  No               Yes     - Not feasible for all transgenes\
  - Improve transduction specificity and efficiency\                                                                                                                                               - Potential alteration of transgene packaging\
  - Design hyperactive variants of the therapeutic transgene                                                                                                                                       - Transgene-specific

  *Patient-oriented actions*                                                                                                                                                                       

  Reduce exposition of vectors to neutralizing blood components:\                                                                                                         Yes              No      - Several rounds of plasmapheresis needed to significantly decrease NAb titers\
  - Perform plasmapheresis to reduce circulating NAb titers^[@B133],[@B134]^\                                                                                                                      - Transient immune-suppression induced by plasmapheresis\
  - Use balloon catheters with saline flushes to deliver vectors^[@B135]^                                                                                                                          - Balloon catheters cannot be used for all administration routes/target tissues; invasive procedure

  Administer proteasome inhibitors to limit capsid-derived MHC class I antigen presentation^[@B77]^                                                                       No               Yes     - Prolonged pharmacotherapy for a limited effect likely to be required

  Administer immune-suppressive drugs to prevent or eradicate immune responses^[@B21],[@B136]^                                                                            Yes              Yes     - Risks associated to systemic immunosuppression\
                                                                                                                                                                                                   - Interference with Treg induction\
                                                                                                                                                                                                   - Difficult pre-clinical evaluation (drugs often not efficient in animals)\
                                                                                                                                                                                                   - No eradication of memory lymphocytes

  Induce peripheral tolerance to capsid-derived antigens to prevent activation of capsid-specific immune responses^[@B79]^                                                Yes              Yes     - No effect on pre-existing NAb\
                                                                                                                                                                                                   - Additional clinical intervention needed\
                                                                                                                                                                                                   - Technically difficult and time-consuming
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

It is worth noting that despite promising advances, it is currently still not possible to wholly circumvent pre-existing anti-AAV humoral immunity. On the other hand, management of anti-AAV cellular responses seems to be efficiently achieved, in the clinical settings tested so far, through broadly immuno-suppressive drugs administered either pre-emptively or as soon as a rise in liver or muscle transaminases is observed in blood samples.^[@B3],[@B32],[@B72]^ The caveats of immune responses triggered by capsid-derived antigens bear an uncanny resemblance to the immunological issues encountered during solid organ transplantation, which is why the immunosuppressive drugs currently used in rAAV-mediated gene transfer stem from immunosuppression regimen initially designed to allow long-term graft survival.^[@B73]^ In this fashion, some adverse events associated to immunosuppression are common between both clinical settings, such as the issue of specificity (*i.e.*, the ability to limit only immune responses directed against a given antigen) or the preclusion of tolerance induction (since immunosuppressive drugs also prevent the development of Treg sometimes necessary to establish robust antigen-specific long-term tolerance to the transgene product for instance^[@B74]^). Other potential issues, however, are specifically related to the context of rAAV-mediated gene transfer, notably how drugs might influence tissue biodistribution of vector particles or transduction efficiency. Of interest, immunosuppressive regimens in rAAV-mediated gene therapy clinical trials are only used transiently, therefore limiting the risk of complications classically associated with long-term immunosuppression in organ transplantation (mainly cardiovascular disease and cancer). It is noteworthy that one drawback of transient immunosuppression is that the timeframe of the *in vivo* persistence of intact rAAV particles is not known, though some microscopy data from retinal- and muscle-directed gene transfer indicate that whole particles might persist years in large-animal and human tissues.^[@B4],[@B75]^ The implications of intact capsids persistence for years after gene transfer are not fully understood. Intact capsids gaining access to MHC class I antigen presentation pathway^[@B76],[@B77]^ might trigger capsid-directed immune responses at a moment when patients are not closely monitored anymore. On the other hand, it has been suggested that persisting intact capsid may also mimic a chronic viral infection and promote tolerance maintenance via induction or Tregs and expression of PD1/PDL1.^[@B4],[@B69]^

Ideally, the development of new immunosuppressive or immunomodulatory strategies for future clinical applications should comply with the following key requirements: capsid-derived antigen specificity, limited spatial range of action (*e.g*., *in situ* immunosuppression where antigens are locally presented), induction of robust long-term peripheral tolerance (rather than transient immunosuppression), and with no heavy additional medical procedures for the patient. With this aim in mind, recent work with novel immunomodulatory strategies based on biodegradable nanoparticles yielded promising results in the context of anti-drug antibodies^[@B78]^ and rAAV vector--mediated gene transfer.^[@B79]^

Open Controversies {#s010}
==================

Which preclinical animal models would be best to study anti-AAV cellular immune responses? {#s011}
------------------------------------------------------------------------------------------

While some preclinical small- and/or large-animal models have been useful in predicting the impact of anti-AAV humoral responses, the onset of anti-capsid cellular responses observed in liver-directed clinical trials had never been observed before in any of the preclinical animal models employed, even in those susceptible to natural AAV infections such as NHP.^[@B46],[@B80]^ The lack of relevant animal models to study anti-capsid cellular responses upon administration of rAAV vectors is an undeniable hindrance to understanding the machinery of this phenomenon and to developing efficient and safe strategies to circumvent them.

Comparing capsid-specific T cell responses to natural AAV infections in humans and in NHP, Li *et al.* highlighted differences in the frequencies and subset distributions of capsid-specific CD8^+^ and CD4^+^ T cells between both species.^[@B42]^ These disparities might stem from differences between AAV2 and AAV8 life cycles in humans and NHP, respectively. Furthermore, the loss of inhibitory sialic acid--recognizing Ig superfamily lectins on human T cells and a more efficient recruitment of primed human T cells to the liver have also been proposed as potential reasons why humans more readily mount capsid-specific T cell responses in liver-directed gene transfer than NHP.^[@B81]^

It must be noted that preclinical studies on NHP models were mainly carried out in rhesus or cynomolgus monkeys, and that other species might provide better insights. For instance, baboons (Papio anubis), which are more widely used as preclinical models in transplantation studies, have been shown to reflect more closely the reactivation process of human memory CD4^+^ T cells than macaques, consequently providing better predictions of human immune responses in transplantation protocols.^[@B84]^ Few studies have used baboons to assess rAAV vectors, and none of them dealt with capsid-directed cellular immune responses,^[@B87]^ so that this field of research is yet to be filled.

Accounting for the ethical and economic considerations related to the use of NHP, multiple efforts were independently made to set up a small-animal model recapitulating what is observed in humans. First attempts at generating a mouse model consisted in immunizing mice against the AAV capsid through intramuscular injection of an adenovirus expressing the AAV capsid, or through repeated injections of capsid-pulsed dendritic cells.^[@B90]^ While these mice did develop capsid-specific CD8^+^ T cells, no clearance of transduced hepatocytes was seen upon rAAV vector administration. More recently, two groups have made noteworthy progress in setting up mouse models that, in part, managed to reproduce some of the features of anti-capsid cellular immunity observed in human liver-directed clinical trials. Ertl\'s group developed an adoptive transfer mouse model where animals received rAAV2 vectors, whose VP2 capsid protein contained multiple copies of the immunodominant, ovalbumin-derived, CD8^+^ T cell SIINFEKL epitope, and splenocytes derived from OT-1 mice, which bear transgenic SIINFEKL-specific CD8^+^ TCRs.^[@B93]^ This model allowed proliferation of epitope-specific CD8^+^ T cells and permitted assessment of the rate of AAV2 capsid degradation *in vivo*. Herzog\'s group developed an adoptive transfer mouse model where immune-deficient animals received rAAV vectors and capsid-specific CD8^+^ T cells (expanded *ex vivo* from splenocytes isolated from AAV-immunized immune-competent mice) in addition to adjuvants.^[@B94]^ In this model, transaminitis, loss of transgene expression, and infiltration of capsid-specific CD8^+^ T cells in rAAV2- or rAAV8- transduced livers were observed, therefore reproducing human observations. Though promising, the pertinence of these new models in assessing immuno-modulating strategies for clinical application remains untested. Of note, high expectations have been placed lately in chimeric mouse models where livers are partly reconstituted with human hepatocytes.^[@B95],[@B96]^

How do peripheral anti-AAV cellular immune responses compare to *in situ* responses? {#s012}
------------------------------------------------------------------------------------

Attempts at correlating transgene expression and AAV capsid-specific cellular immune responses during clinical trials have essentially relied on the assessment of capsid-reactive T cells in PBMC samples. However, observations made in the periphery might not accurately reflect the local immunological events taking place in the target tissue, where capsid antigens are present. Only in muscle-directed gene transfer have the authors sought to correlate anti-capsid cellular immune responses to transgene expression in muscle biopsies, which permitted the presence of *in situ* immune infiltrates in the target tissue to be assessed.^[@B3],[@B65]^ In particular, analysis of *in situ* immune responses might help refine our understanding of the mechanisms by which loss or maintenance of transgene expression may occur. Of note, up to now, published records of muscle-directed gene transfer clinical trials have exclusively been operated through intramuscular injections. Biopsies can therefore be biased, as transduction of muscle cells might not be homogeneous within the whole tissue. Additionally, the overall comparison of results from all muscle-directed clinical trials can be somewhat hampered by several caveats: (1) safety and efficacy endpoints are not always straightforward; (2) muscle physiopathology, in particular underlying inflammation, is not always well defined; (3) some transgene products possess immune-modulating properties or in contract immunogenic features; (4) immune-suppression regimen are often administered prior to or concomitantly with rAAV vectors.

Elucidating whether anti-AAV immune responses assessed in the periphery faithfully depict *in situ* events will be of particular interest when administration of high doses of vectors to target a pathologically inflamed tissue is attempted, as is the case for muscle-directed gene therapy in patients suffering from Duchenne muscular dystrophy, for instance.

Does innate immunity play a role in shaping adaptive immune responses to rAAV vectors in humans? {#s013}
------------------------------------------------------------------------------------------------

It is known that rAAV vectors trigger innate immune responses. However, despite the growing body of evidence, the role of early activation of innate immunity following rAAV-mediated gene transfer remains elusive. *In vitro* studies indicate that rAAV vectors carrying a single-stranded DNA genome interact with the innate immune system through the Toll-like receptor (TLR)9/MyD88 and type I interferon cascades.^[@B97]^ Additionally, the capsid of AAV2 may also interact with the innate immune system via TLR2 in liver non-parenchymal cells (Kupffer and liver sinusoidal endothelial cells).^[@B98]^ *In vivo*, it has been demonstrated that rAAV vectors also trigger the NF-κB-dependent release of cytokines and chemokines in the mouse liver.^[@B99]^ Furthermore, MyD88 signaling in B cells seems to control the production of capsid-specific Th1 antibody responses,^[@B100]^ while TLR9-dependent release of inflammatory cytokines may also result in enhanced transgene immunogenicity, as shown by Martino *et al*. for self-complementary AAV vectors in mice.^[@B101]^ AAV vectors were also shown to interact with the complement pathway through iC3b factor.^[@B102],[@B103]^ This interaction could be a mechanism used by AAV to limit the innate response as shown for other pathogens. While these studies provide strong evidence that innate immune recognition of AAV occurs in animals, little is known about the consequences of these interactions in the clinical setting, and particularly about how innate immunity to AAV impacts adaptive immune responses to the recombinant vector. To this end, recent work from the Herzog lab^[@B104]^ provides compelling evidence on the role of innate immunity in the cross-priming of CD8^+^ T cell responses directed against rAAV vectors. While these findings may seem controversial, as no evidence of systemic activation of innate immunity has been observed in human trials to date, they suggest that early control of innate immunity could lead to decreased vector immunogenicity.

Should we worry about transgene-specific immune responses and how they might impact the onset of anti-AAV immune responses? {#s014}
---------------------------------------------------------------------------------------------------------------------------

Despite the fact that a wealth of preclinical data is available on immune responses to the transgene product in rAAV gene transfer, relatively little information is available on whether this knowledge would faithfully translate to the clinic. Several groups showed that delivery of rAAV vectors to the liver induces transgene-specific tolerance.^[@B105]^ Accordingly, rAAV-mediated liver gene transfer has also been used in inhibitor-prone hemophilia A dogs to eradicate low-titer anti-FVIII neutralizing antibodies,^[@B110]^ and in mice to eradicate antibodies to FIX^[@B111]^ or alpha-acid glucosidase.^[@B112]^ Although these preclinical data on liver tolerance are highly convincing, the open question is whether this concept will reliably translate to humans. Thus far, with only one exception,^[@B113]^ clinical studies of liver gene transfer have been conducted in the context of hemophilia trials in which patients were enrolled only if at low risk of developing immune responses to the transgene product.^[@B3],[@B40]^ Therefore, both the transgene immunogenicity profile in the setting of liver gene transfer in at-risk patients and the outcome of gene therapy in humans that are cross-reactive immunological material (CRIM)-negative or pre-immunized to the transgene product (*e.g.*, hemophilia patients with inhibitor) are crucial questions that remain open.

What seems to be clear is that the development of transgene-specific immune responses is highly dependent on the route of rAAV vector administration. For example, preclinical studies of rAAV gene transfer to the muscle suggest that immunosuppression may be needed to maintain transgene expression following vector intramuscular delivery to non-tolerant animals.^[@B55],[@B114]^ Accordingly, transgene immunogenicity was observed in children with Duchenne muscular dystrophy following the intramuscular administration of an rAAV vector encoding the micro-dystrophin (a functional truncated version of the dystrophin protein).^[@B117]^ Importantly in this study, an immune response to the vector was also triggered, likely the result of both the intramuscular delivery route and the overall proinflammatory environment of the dystrophic muscle.^[@B118]^ As skeletal muscle is an important target tissue for the treatment of a broad range of diseases, promising strategies are currently under investigation to reduce the risk of onset of anti-transgene immunity, such as less immunogenic administration routes where the vector is perfused locoregionally in a limb,^[@B55],[@B70],[@B71],[@B119]^ immunosuppression,^[@B55]^ and liver expression of the same antigen expressed in the muscle.^[@B120]^ Finally, based on recent data, non-secreted transgenes are predicted to be more immunogenic than secreted ones,^[@B121]^ a phenomenon that is likely due to antigen availability systemically, which can to some extent promote induction of Tregs both in the periphery and in the thymus.^[@B122]^

Conclusions {#s015}
===========

All things considered, little is known about natural AAV infection, which undoubtedly adds a level of difficulty in predicting AAV capsid-directed responses in rAAV-mediated gene therapies. The various clinical trials conducted so far have shown that a wide variety of parameters can influence these responses, including the configuration of the therapeutic DNA, the transgene properties, the AAV serotype, the vector production and purification process, the clinical settings, and the patient\'s natural history of WT AAV infection. Henceforth, AAV immunogenicity remains very much a puzzle, and the field of rAAV gene therapy research requires further efforts to resolve the complexity of capsid-related immune issues. The harmonization of patient monitoring using standard guidelines and external quality controls to check immune assay performance over time and across clinical trials would greatly facilitate the comparison of data and subsequently the understanding of the complexity of anti-AAV immune responses.

The best trade-off one can currently imagine is to engineer rAAV vectors with better transduction efficiency, carrying optimized therapeutic transgenes and with reduced immunogenic profiles (CpG-depleted genome,^[@B123]^ inert capsids, contaminant-free batches, minimum amounts of empty capsids,^[@B124]^ etc.). Such vectors would provide a higher therapeutic index, as they would permit therapeutic efficiency at doses sufficient to bypass pre-existing humoral immunity, but not high enough to trigger deleterious cellular immunity. Importantly, the relationship between therapeutic efficiency and rAAV vector dose is all about finding the right balance to remain above the therapeutic threshold. In this manner, pharmacological interventions improving the general state of the patient might help decrease this threshold and therefore contribute to the efficiency of rAAV-mediated gene therapy.

As the European Society of Gene and Cell Therapy reaches its 25th anniversary, the gene therapy field is experiencing one of its most exciting periods. Long-term efficacy has finally been achieved in several clinical trials, and gene therapy drugs are reaching late-stage clinical development and market approval. The years to come will bring forward a wealth of data that should give precious insights on several crucial questions. Does long-term therapeutic efficiency mean lifelong? Does the recombinant AAV genome persist indefinitely in transduced cells? Is it subjected to gene silencing after some time? Is genotoxicity a concern at all with AAV vectors? How long can intact rAAV particles be detected *in vivo*? While our understanding of the rAAV vector technology becomes more and more refined, answering some of these questions will provide a path forward to extend further the success of this novel therapeutic paradigm.
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